Abstract. The utilization of brittle materials is very popular in nowadays industry, such as free-form optics, semiconductor devices and MEMS components among many others. Unfortunately the machining difficulty blocks the further application of brittle materials in the advanced fields. The purpose of this paper is to investigate the machining capability of the diamond fly-cutting operation in grooving of brittle materials. The theoretical analysis of diamond fly-cutting technique was studied firstly. Then an experimental setup was established and the grooving experiment of mono-crystalline silicon, Bk7 glass and ceramics was performed. The results show that the fly-cutting of mono-crystalline silicon can achieve the best surface condition. The machining result of mono-crystalline silicon was also influenced by the feed rates. Better machining surface condition with fewer cracks can be obtained with less feed rates.
Introduction
Brittle materials are very important in the development of current high-tech products operate in special or extreme environments [1] . There is a great need in manufacturing industries for ultraprecision machining of brittle materials such as silicon, ceramics and glasses [2] . It has been reported that a wide range of brittle materials can be machined in ductile mode in micromachining by grinding process [3] . However, it remains a considerably challenging task to machine high quality components with mirror surface finish due to the low fracture toughness of these materials [4] . Now, the diamond cutting is becoming a potential technique in precision of brittle materials. The single-point diamond tools (SPDTs) is one of the most popular one, which can generate high-quality surfaces with damage-free and excellent surface roughness [5] [6] [7] [8] . Fly-cutting is one of the single-point diamond cutting techniques. Unlike conventional continuous SPDT cutting, the diamond tool in fly-cutting scratches the workpiece once during each rotation period of the cutter. It has been shown that fly-cutting can also achieve very high surface finish values [9, 10] . The diamond fly-cutting can be used to machining the free-form optical components [11] [12] .
From the above brief synopsis of the state-of-the-art, it can be seen that diamond fly-cutting technique is a potential method in precision machining of brittle materials. In order to further explore the machining performance, this paper conducted an experimental study about the machining capability of diamond fly-cutting of several typical brittle materials. The characteristics were analyzed theoretically. Then an experimental setup was established. The diamond fly-cutting experiments were performed on mono-crystalline silicon, Bk7 glass and ceramics. The machining capability of brittle materials was compared based on the machining results.
Theoretical Analysis
Diamond fly cutting is a kind of cutting with diamond tool. It refers to a precision machining method that a single point diamond tool is fixed on a rotating tool holder. Compared to SPDT, the interaction of the diamond tool with work piece is discontinuous during the diamond fly-cutting process because the diamond tool is rotating with the rotary tool holder and contacts the work piece one time every cycle. The schematic of diamond fly-cutting is illustrated in Figure 1 . There are several advantages for diamond fly-cutting technique. Firstly, it is thought that the cutting point of diamond tool tip constantly varies with respect to the tool edge during machining [5] . As a result, the cutting time for a certain cutting point becomes very short and the temperature increase at this point dramatically reduces. Hence, the wear of diamond tool can be decreased. Secondly, the cutting velocity of fly-cutting diamond tool can be much large if the radius of tool holder is in a big value, which is
(1) Where ω is the rotating frequency, R is the radius of tool holder.
Then the acceleration of the diamond tool is much large. (2) Therefore the large acceleration will exert a big impact to the material within the undeformed chip formation zone and facilitate the removal of material.
Thirdly, the potential chip formation zone can be considered as the interference vicinity enclosed by two consecutive motion trajectories of the diamond cutting tool. Then it can be inferred that the nominal chip thickness increases from zero at the beginning of the cut to its maximum value and then again decreases to zero at the end of the cut during each fly-cutting period. The minor nominal chip thickness can help to shield the pre-existed fracture propagation in the material removal zone, which can improve the machining quality. Fourthly, the surface roughness can be decreased efficiently by adjusting the machining parameters. From Fig. 1 , it can be seen that the surface residual height (Rh), which denotes the height difference between contour peak and valley, can be expressed as 
Experiment Setup
An experimental setup was established to examine the machining capability of diamond fly-cutting of brittle materials. The 3-axis surface grinder was adapted, which was developed by our lab [13] .The grinder adopts the absolute grating scale close-looped device to control the position all the axes, and the positioning resolution is 0.0001mm. Rotate speed of spindle with dynamic and static hydraulic bearing is 100 ~2500 rpm, which has a dynamic balancing equipment. A metal plate similar to a grinding wheel was designed to act as the diamond holder and placed onto the grinding spindle. A diamond tool was fixed on the diamond wheel outer with a micro bolt. The diamond tool made by Contour Company was adapted. The cutting tip of diamond tool is shown in Fig. 3 . Similar round groove was cutting on every kind of materials. The parameters are shown in Table 1 . Mono-crystalline silicon substrate, Bk7 glass and ceramics are used as cutting material in diamond fly cutting without lubrication. The size of substrate is 10mm x 10mm. In order to observe the machined samples, scanning electron microscopy (SEM) was carried out on LEOXX, and their three-dimensional surface were measured using a confocal microscopy. Figure 4 . shows the groove pictures machined by diamond fly-cutting. From these pictures, it can be found that the machining capabilities of diamond fly-cutting are different to these three materials. From the view of profile regularity, it can be seen that all of the grooves of three brittle materials are in regular profile. To further examine it, the surface profile of mono-crystalline silicon was scanned specially TEM as shown in Figure 5 . From the point of surface condition, it is shown that some cracks are distributed on three groove surfaces with individual extent degree. The groove's surface condition of Bk7 glass is the worst, on which micro cracks cover most of the machined surface. The surface of mono-crystalline silicon is the best one. The surface of mono-crystalline silicon covers with little crack remaining. The surface condition of ceramics lies in the middle. Therefore, it can be concluded that the fly-cutting machining capability of the mono-crystalline silicon is the best and the Bk7 glass is the worst. So it is reasonable that the diamond fly-cutting technique should be recommended to the machining of mono-crystalline silicon.
Results and Discussion
In order to further examine the machining performance of fly-cutting technique, there additional cutting experiments were conducted with different feed rates. The groove's SEM pictures are shown in Figure 6 . It can be seen that the surface condition is heavily influenced by the feed rates. When the feed rates is small, the groove's surface condition is much smoother with fewer cracks left on the surface. However, the cracks increased greatly with the feed rates as shown in Fig. 6(c) . The reason may be explained that the undeformed chip thickness changes with different feed rates. According to the analysis by [14] , the nominal chip thickness that the cutting diamond tool engages is small for the small feed rates, which may make it to approximate the critical chip thickness. Then the material may be removed in ductile mode or the crack propagation can be efficient shielded. As a result, the surface appears much smoother than the other two as shown in Fig. 6(a, b, c) . When the feedrate is large, the nominal chip thickness may become greater than the critical chip thickness, which inevitably forces the material to be removed in fracture fashion. Therefore, the surface appears much roughly as shown in Fig. 6(c) . Then it can also be concluded that the proper analysis and parameter should be done to get the ideal surface result with diamond fly-cutting technique to machine the mono-crystalline silicon. 
Summary
The experimental study of the machining capability was conducted by using diamond to fly-cut several brittle materials. It is shown that the mono-crystalline silicon possess the best machining characteristics in the diamond fly-cutting, which is superior to both Bk7 glass and ceramics. The machining parameters have great influence on the machining result. It is shown that the groove's surface condition of mono-crystalline silicon changes with the feed rates. The groove's surface becomes much smoother with fewer cracks when the feed rates decreases. The research shows that the diamond fly-cutting technique can be a potential method in machining of brittle materials if the proper processing parameters are chosen.
